G protein-coupled receptors with seven transmembrane ␣-helices (GPCRs) comprise the largest receptor superfamily and are involved in detecting a wide variety of extracellular stimuli. The availability of high-resolution crystal structures of five prototypical GPCRs, bovine and squid rhodopsin, engineered A 2A-adenosine, ␤1-and ␤2-adrenergic receptors, permits comparative analysis of features common to these and likely all GPCRs. We provide an analysis of the distribution of water molecules in the transmembrane region of these GPCR structures and find conserved contacts with microdomains demonstrated to be involved in receptor activation. Colocalization of water molecules associating with highly conserved and functionally important residues in several of these GPCR crystal structures supports the notion that these waters are likely to be as important to proper receptor function as the conserved residues. Moreover, in the absence of large conformational changes in rhodopsin after photoactivation, we propose that ordered waters contribute to the functional plasticity needed to transmit activation signals from the retinal-binding pocket to the cytoplasmic face of rhodopsin and that fundamental features of the mechanism of activation, involving these conserved waters, are shared by many if not all family A receptors.
G
protein-coupled receptors (GPCRs) are membrane proteins that mediate signal transduction by recognizing a wide range of extracellular stimuli ranging from photons of light, biogenic amines and odorants, to small peptides that all induce receptor activation. Activated GPCRs signal through heterotrimeric G proteins to activate effector enzymes, resulting in rapid signal amplification. Given the new-found wealth of structural information available from determination of several GPCR crystal structures, our purpose here is to provide a structural analysis of components likely to participate in the allosteric communication between the ligand-binding site near the extracellular domain and the cytoplasmic site involved in G protein coupling and activation.
The first high-resolution crystal structure of a GPCR was that of bovine rhodopsin (1) , an advance that facilitated the successful determination of other high-resolution bovine rhodopsin structures (2) (3) (4) (5) . One paradigm for GPCR activation involves large rigid body movements of up to 15 Å of the heptahelical transmembrane bundle upon receptor transition from an inactive to an active conformation (6) . This notion has been challenged because large changes in these helices were not observed in the crystal structure of a late photointermediate of rhodopsin that retained the fullagonist, all-trans-retinylidene, and exhibited spectral features consistent with the metarhodopsin (Meta) II activated state (7) . Newer studies using double electron-electron resonance (DEER) spectroscopy revised the predicted structural changes upon activation to be no more than 5 Å between helices (8) . This reduced scale for the conformational changes associated with activation is within the observed differences in the helical arrangement of GPCRs with known structures (9) and is compatible with the crystallographic structure of photoactivated rhodopsin. These observations highlight the important question of how, in the absence of a large structural rearrangement, is the ''activation signal'' transferred from the ligand-binding pocket (or retinal isomerization site) near the N-terminal face of the receptor to the cytoplasmic face where G protein binding and activation occur.
In an attempt to address the question of what receptor components contribute to a shared mechanism of activation, we provide a detailed analysis of conserved features within available family A GPCR structures. In addition to ground-state bovine rhodopsin, these structures include inactive ligand free bovine opsin (10, 11) , truncated squid rhodopsin (12) , mutant human ␤ 2 -adrenergic receptor T4-lysozyme fusion protein (13) and mutant ␤ 2 -adrenergic receptor with F ab (14) , mutant turkey ␤ 1 -adrenergic receptor with antagonist bound (15) , and mutant human A 2A -adenosine T4-lysozyme fusion protein with antagonist bound (9) . Comparative sequence analysis has revealed amino acid residues conserved between GPCR family A members (16) . Sequence alignments of the putative seven-transmembrane-spanning helices common to all GPCRs reveal residues that are possibly linked to ligand binding, receptor activation, and G protein coupling.
Results

Conserved Features of Family A GPCRs.
A comparison of amino acid sequences of the crystallized constructs (omitting the T4 lysozyme amino acid sequence present in mutant ␤ 2 -adrenergic receptor and A 2A -adenosine receptors) revealed modest amino acid conservation ranging from 15% identity between bovine rhodopsin and mutant ␤ 2 -adrenergic receptor to 58% sequence identity between mutant ␤ 1 -and mutant ␤ 2 -adrenergic receptor [supporting information (SI) Fig. S1 ]. Bovine rhodopsin and mutant ␤ 1 -adrenergic receptor share 17% sequence identity, mutant A 2A -adenosine receptor and bovine rhodopsin share 20% sequence identity, and squid rhodopsin shares 26% sequence identity with bovine rhodopsin. Multiple sequence alignments of the five receptors identified 24 conserved amino acid residues. The functional importance of these conserved residues is highlighted by the fact that 8 of the 24 rhodopsin mutations are associated with autosomal dominant retinitis pigmentosa (G106, C110, R135, Y136, P171, C187, P215, and P267) (17) . Conserved segments are localized in the transmembrane domains, including the highly conserved E/DRY motif in the third transmembrane span, the WXPF/Y motif in the VI transmembrane span, and the NPXXY sequence localized at the end of transmembrane helix VII. Given that three of the five receptors compared here signal through different heterotrimeric G proteins, these residues are more likely associated with conserved structural and functional motifs that are associated with a common mechanism for activation as opposed to motifs that mediate G protein specificity.
Activated states for members of the GPCR superfamily can be defined in part as states having the capacity to associate with and activate G protein. Bovine rhodopsin, squid rhodopsin, A 2A -adenosine, and ␤ 1 -and ␤ 2 -adrenergic receptors differ in their basal levels of activity. Indeed, the ␤ 2 -adrenergic receptor has been shown to couple to G proteins independent of agonist binding (18) compared with rhodopsin, which exhibits virtually no basal activity (19) . Additionally, for rhodopsin, hydrolysis of chromophore leading to the formation of opsin results in a state of the receptor that exhibits a very low level of G protein-activating capacity, with rates approximately Ϸ250 times lower than that of Meta II (20) . In general, residues associated with ligand binding cluster near the extracellular portion (intradiscal surface/extracellular side) of the helical bundle in family A GPCRs, and residues associated with receptor constitutive activity or folding form a switch region localized near the ligand-binding pocket and extracellular loop 2 (E2). In contrast, residues that mediate G protein coupling are found nearest the cytoplasmic face of the receptor. Interactions between the heterotrimeric G proteins and activated receptors involve the C-terminal portion of helix III, residues in the cytoplasmic loop 3, and the C-terminal tail of the GPCR and the ␣-subunit of the heterotrimeric G protein (21, 22) . The structure of bovine opsin with a high-affinity synthetic peptide mimetic of G t␣ bound provides further insight into some of the contacts that may mediate G protein binding to receptor; however, we do not consider this to be an active state of the receptor given that there is electron density in the ligand-binding pocket consistent with the presence of hydrolyzed chromophore, which has been demonstrated to reduce greatly the capacity of opsin to activate G protein (11, 20) . This form is functionally similar to the ground states of other GPCRs that exhibit low levels of basal activity.
Conserved Polar Interactions with Water. The importance of water for proper protein function is implicit because water is a fundamental component supporting and sustaining nearly all biological activity (23) . Many lines of evidence have indicated the presence of water in rhodopsin, and receptor hydration has been shown to play a critical role in the formation of its active state, i.e., Meta II. Wald et al. (24) showed that dried films of this GPCR are capable of forming Meta I, a precursor to the active form of this receptor, but not activated Meta II. This observation can be explained by water functioning as an allosteric mediator in rhodopsin, such that proper structural transition from Meta I to Meta II requires the presence of water in the helical bundle of this receptor. Indeed, crystallographic studies have demonstrated that water functions as an allosteric mediator in dimeric hemoglobin (25) . The study of water molecules has become a fixture of modern crystallography, as for example, structures at 2 Å resolution are likely to have 1 water per residue built into the crystallographic model (26) . Integral membrane proteins are no exception because a recent survey of buried water molecules found in crystal structures of helical transmembrane proteins revealed a high number of interactions between water and main chain oxygens and nitrogens of the ␣-helices.
Although our comparison of six of the high-resolution structures from five different rhodopsin-like GPCR superfamily members evidenced significant conservation for the major structure elements (Fig. 1 ), we were surprised to find ordered waters that colocalized in the transmembrane regions after structural superpositioning of the crystallographic models. These ordered waters were found at 15 locations throughout the helical bundle of five different GPCR structures ( Fig. 2A) . Because water occupancy can be partial, and thus specific water molecules of structural importance can be missed in the examination of a single crystallographic structure, a value of this study is the identification of waters that are consistently observed in a number of structures, with allowance of positional variation that is to be expected for the different members of the same family. In the following description of the 15 water clusters present in the GPCR structures, residues are numbered according to the Ballesteros and Weinstein (27) numbering scheme (i.e., D 2.50 ), where the first number denotes the transmembrane helix and the most conserved residue in a transmembrane helix is assigned a value of 50 ( TM no. x.50), additional rhodopsin residues are numbered when appropriate. The bound waters were observed either in unique locations, i.e., waters 1, 5, and 14, or in clusters, i.e., waters 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, and 15, where two or more receptor structures had bound waters in close proximity.
The initial crystal structure of rhodopsin revealed the presence of a single ordered water buried within the transmembrane domain (1, 3) whereas 12 ordered waters were localized in and around the transmembrane domain in the highest resolution X-ray crystal structure of ground-state rhodopsin [Protein Data Bank (PDB) ID code 1u19] (4), and the structural and functional importance of some of these waters has been addressed recently (28) . A comparison of five ground-state rhodopsin crystal structures at resolutions of 2.8 Å or better revealed waters or hydroxyl groups that colocalized with 8 waters modeled in the 2.2-Å structure (PDB ID code 1u19). Thus, for rhodopsin, we focused our comparisons on these 8 waters. Five of the 8 water molecules seen in multiple rhodopsin structures contacted residues linked to human autosomal dominant retinitis pigmentosa, and ordered waters overall hydrogen-bonded with 7 residues associated with this blinding disease (G90 2.57 w6, E181 4.70 w8, C187
4.76 w8, G188 4.77 w8, S186 4.75 w8, C264 6.47 w9, and S298 7.45 w12).
The structure of squid rhodopsin revealed 13 waters of which 3 colocalized with waters in bovine rhodopsin and 3 colocalized with waters in the mutant ␤ 2 -adrenergic receptor (Fig. 1) . The A 2A -adenosine receptor structure includes 15 ordered waters, 7 of which were in a solvent-accessible cavity and 8 were positioned within the transmembrane domain. Four waters in the transmembrane domain of the A 2A -adenosine receptor colocalized with waters in bovine, squid, and the mutant ␤ 2 -adrenergic receptor. The mutant ␤ 2 -adrenergic structures evidenced 9 ordered waters that colocalized either with waters in bovine rhodopsin or squid rhodopsin; 2 of these ordered waters were noted within the helical bundle of the mutant ␤ 1 -adrenergic receptor. There were 5 ordered waters in the structure of the opsin (PDB ID code 3cap) and 3 in the structure of opsin with G t peptide analog bound (PDB ID code 3dqb), but these waters did not colocalize with waters observed in other rhodopsin crystal structures (10, 11) . Water contacts for GPCR structures are summarized in Figs. 2 and 3 and Table S1 .
In this section we summarize the interactions made by several of the waters in the 15 water clusters. By employing the CONTACT module of the CCP4 program suite (29), we assigned hydrogen bonding or polar interactions when a water molecule was found to be Ͻ3.8 Å away from a nitrogen or oxygen in either the side chain or C ␣ backbone of the receptor (29) .
Water clusters 1, 2, 3, 12, and 13 all make contact with the NPXXY motif found in helix VII. Water 1 is unique to rhodopsin and made contacts with T62 1.57 , N73
2.40 (40% conservation in family A GPCRs), and Y306 7.53 (92% conservation in family A GPCRs) of the NPXXY motif. Mutagenesis data indicate that residues contacting water 1 are functionally important in rhodopsin (30) . Interestingly, the Y306 7.53 to Ala mutation evidenced an increased stability of MII formation that did not correlate with an increase in G protein activation (31) . Water cluster 2 consisted of 3 waters (1 from the mutant ␤ 2 -adrenergic receptor, 1 from the mutant A 2A -adenosine receptor, and 1 from squid rhodopsin) that made contacts with I/V 2.42 , A 2.47 , and T/Y 7.53 connecting helices II and VII. Functional studies of the ␤ 2 -adrenergic receptor revealed that the Y 7.53 to Ala mutation exhibited a reduction in phosphorylation and receptor internalization and reduced G protein coupling (32, 33) . Mutagenesis data for both rhodopsin and the ␤ 2 -adrenergic receptor suggest that Y 7.53 of the NPXXY motif contributes to both G protein activation and desensitization processes. Water cluster 3 contained 3 waters, 1 from the mutant ␤ 2 -adrenergic receptor, 1 from the mutant A 2A -adenosine receptor, and 1 from squid rhodopsin. Conserved contacts with side chains of residues N 1.50 , D 2.50 , and N 7.49 mediate linkage among helices I, II, and VII similar to contacts maintained by water 1 in bovine rhodopsin. Mutation of D 2.50 to Asn was reported to reduce epinephrine-induced cAMP accumulation; this was interpreted as a constitutively inactivating mutation and demonstrates the functional importance of D 2.50 (34) .
Water cluster 12 includes 4 waters, 2 from bovine rhodopsin, 1 from mutant ␤ 2 -adrenergic receptor, and 1 from squid rhodopsin. These waters extend the network of connections between helix II and VII for the mutant ␤ 2 -adrenergic receptor and squid rhodopsin with water-water contacts bridging the helix contacts. The hydrogen-bonding network mediated by water cluster 12 in bovine rhodopsin is among helices II, III, VI, and VII. Contacts are seen between water 12 a (atom number 2020 in PDB ID code 1u19) and residues M257 6.4 
2.50 , G120 3.35 , and E122 3.37 , and water 12 b in rhodopsin is likely to be the water observed in these FTIR studies (36) .
Water 13 is found in bovine and squid rhodopsin, the opsin structure with peptide-bound, mutant ␤ 2 -adrenergic receptor, and mutant A 2A -adenosine receptor. In squid rhodopsin, mutant ␤ 2 -adrenergic and mutant A 2A -adenosine receptors, water 13 is part of a network of waters stabilizing interactions, primarily between helix VI and helix VII and secondarily via water-water bonding to helix II. Water 13 has a conserved interaction with residue N302 7.49 of the NPXXY motif, again likely to stabilize the inactive state of the receptors.
Cluster 4 was composed of waters from bovine rhodopsin, squid rhodopsin, and the mutant ␤ 2 -adrenergic receptor (Fig. 2 A and B 2.50 appears to make contact with waters in this cluster and may function as a nucleation sight for an extended hydrogen-bonding network evident in bovine rhodopsin, squid rhodopsin, and the mutant ␤ 2 -adrenergic receptor. Water 4 was found to be within 3.8 Å of waters in clusters 12 and 13 in the rhodopsin structure (Fig. 2B) , possibly constituting part of a water wire similar to the water organization in bacteriorhodopsin responsible for proton transfer occurring during the photo cycle of this evolutionarily distant but related chromophore-binding, integral membrane protein.
Water 6, noted in bovine rhodopsin and the A 2A -adenosine receptor, was localized near the ligand-binding pocket of bovine rhodopsin and made contacts with E113 3.28 , G90
2.57 , and F91 2.58 . In the A 2A -adenosine receptor, water 6 made contacts with I 3.28 , F 3.31 , and V 3.32 . Importantly, ligand interaction with the conserved negatively charged Asp at position 3.32 in biogenic amine receptors and an analogous hydrophobic interaction was observed between ligand and residue 3.32 in the A 2A -adenosine receptor structure (9) . Functional importance of G90 2.57 was demonstrated when mutation to Asp in rhodopsin reportedly led to constitutive activation of G t (16) . Interestingly, the G90 2.57 to Asp mutation in human rhodopsin has been reported to cause congenital night blindness, highlighting the importance of this region for proper receptor function (40) . Extensive site-directed mutagenesis studies indicated that residue E113 3.28 is the counterion for the Schiff base linkage and that it functions as the proton acceptor during the Schiff base deprotonation that occurs during photoactivation. Strikingly, water 9 was found in five of the six other GPCR structures (Fig. 2D) . Water cluster 9 made conserved main-chain contacts with residues at positions C264 6.47 (74% conservation), Y268 6.51 (36% conservation), and P291 7.38 in bovine rhodopsin, squid rhodopsin, mutant A 2A -adenosine, mutant ␤ 1 -and mutant ␤ 2 -adrenergic receptors. Water cluster 9 was found adjacent to the ligand-binding pocket and near the conserved WxP 6.50 F/Y motif; main-chain hydrogen bonding likely stabilizes the Pro kink and allows W6.48 to be held away from the chromophore-binding pocket (Figs. S2 and S3) . Inspection of opsin structures lacking this water reveals that W265 6.48 is localized toward the empty chromophore-binding pocket and away from the position where water 9 is found in the other five structures (Figs. S2 and S3) . Ligandbinding studies have revealed that residue 6.47 in constitutively active mutant ␤ 2 -adrenergic receptor constructs is more accessible to sulfhydryl-reactive reagents, implicating a rearrangement in helix VI after the receptor attains an active conformation (41) . Mutation of Y268 6.51 to phenylalanine in rhodopsin effected spectral changes and an increased rate of Schiff base hydrolysis after photoactivation (42) .
In squid rhodopsin and mutant ␤ 2 -adrenergic receptor structures, waters from clusters 2, 3, 4, 11, 12, and 13 are part of extended hydrogen-bonded water networks, often referred to as water wires (Fig. S4) . These extended water networks may represent part of a pathway connecting a proton donor site on the cytoplasmic face of the receptor with an acceptor site buried within the helical bundle. Water wires permit a more rapid and controlled transmission of protons than diffusion (43) . The apparent absence of these networks in other structures may simply be the result of their lack of sufficient electron density.
Inspection of the waters bound in the five different GPCR structures reveals that more than half of the observed interactions occurred between amino acid side chains and water. This high level of side-chain interactions likely reflects an evolutionary conservation of structural and functional motifs because these waters interact with highly conserved residues. These ordered waters colocalize and mediate contacts between highly conserved residues stabilizing structurally and functionally important helix-helix interactive networks. Seven of the 8 waters present in the bovine rhodopsin structure colocalized with waters in structures of squid rhodopsin, mutant ␤ 2 -adrenergic, and mutant A 2A -adenosine receptors. Waters connecting helices II and VII, VI and VII, and I, II, and VII were shared among bovine rhodopsin, squid rhodopsin, and the mutant ␤ 2 -adrenergic receptor (Fig. 3) . Waters mediating connections between helices I, II, and VII as well as helices II and VII were common to bovine, squid rhodopsin, and mutant A 2A -adenosine receptors. Along with the extended water wire, squid rhodopsin and mutant ␤ 2 -adrenergic receptor both showed the presence of water mediating an interhelical interaction among helices II, VI, and VII. In bovine rhodopsin, mutations of residues that make contact with waters 9 and 12 are both associated with retinal disease. Given that water 9 contacts residues that line the ligand-binding pocket and participate in conformational changes during receptor activation, it seems likely that this water plays more than just a static structural role. Although ordered waters bound in different GPCRs may either be structurally or functionally important, it is difficult to distinguish between these two roles for any of the waters found in the available structures.
Discussion
Changes upon Receptor Activation. In the absence of high-resolution crystal structures of activated states of any GPCR, we must infer changes that coincide with receptor activation from the existing biochemical and biophysical data. Many lines of evidence support the notion that there are conformational alterations in the helical bundle of GPCRs after activation. However, the nature and magnitude of these conformational changes during receptor activation are the subject of much debate. Formation of the active state of rhodopsin has been shown to be sensitive to the hydration state of this receptor (24, 44) , implicating the importance of water in the activation process. Early biochemical studies indicated that activation of rhodopsin involved the movement of two protons (45); however, the role of the embedded waters in the proton sensitivity is unclear.
In addition to release of the ionic lock, changes in the interhelical interactive network involving the highly conserved NPXXY motif linking residues of helices VI and VII occur after receptor activation (31) , and changes in this network are likely mediated in part by the observed embedded bound waters (5, 28) . Along with bovine rhodopsin, ␤ 2 -adrenergic receptor (46) (47) (48) and 5HT1 receptor (49) activation was shown to involve rotation of helix VI.
Early studies of rhodopsin detected mobility changes of helix III near the cytoplasmic face after light excitation, as evidenced by increased spin label mobility and chemical reactivity of Cys-140 upon receptor activation (50) . In the photoactivated crystal structure of rhodopsin, there is increased disorder in several of the subunits in the region containing residue E122 3.37 that correlate with mechanistic components of receptor activation. Radiolytic footprinting studies of rhodopsin revealed that M86 2.53 near E122 3.37 , close to structural waters in the transmembrane bundle, became more mobile in the photoactivated state, possibly reflecting changes the location of the internal waters, strongly suggesting that the increased disorder observed in the crystal structure is indeed a result of photoactivation. Solid-state NMR spectroscopic measurements indicated that little to no movement of helix III occurred after photoactivation (51) .
The highly conserved E/DRY motif forming the ''ionic lock'' at the cytoplasmic end of helix III is thought to hold the receptor in the inactive state by R135
3.50 forming a salt bridge with E247 6.32 in helix VI that holds helices III and VI together. It had been shown that disruption of the ionic lock in the ␤ 2 -adrenergic receptor leads to receptor activation, indicating that the ionic lock motif is functionally conserved. Recent work has demonstrated the critical role of E134 3.49 and R135 3.50 of the conserved ERY motif in rhodopsin activation (52) . However, the mechanism linking protonation/deprotonation of the ionic lock to protonation/deprotonation of the Schiff base linkage is still unknown. In the case of rhodopsin, with the exception of K296 covalently modified with chromophore and residues E122 3.37 on helix III and H211 5.46 on helix V, which are involved in a salt bridge, all other charged residues in the transmembrane domain make contacts with waters. Are bound waters within the helical bundle facilitating those changes responsible for the observed pH-sensitive interconversion between inactive Meta I and active Meta II? It is tempting to speculate that these events are mediated by waters acting as allosteric effectors and by bound waters transferring protons via water wires.
Changes in Water Organization and Hydration After Activation. Several lines of experimental evidence support the idea of changes in the state of the bound waters after photoactivation of rhodopsin. Changes in the hydrogen-bonding network after photoactivation are evident from studies using NMR, resonance Raman, and FTIR spectroscopy; however, little is know regarding changes in watermediated contacts with respect to other members of the GPCR superfamily. Deng et al. (53) used continuous-flow resonance Raman spectroscopy to demonstrate that the Schiff base can be deuterated in unactivated rhodopsin. This study suggests the presence of 1 or 2 waters near or hydrogen-bonded to the Schiff base linkage, consistent with waters 6, 8, and 9 found in proximity to the chromophore. The mechanism of deuterium uptake is unlikely because of bulk solvent penetration and exchange if the methodologies developed to measure water interactions by FTIR are considered; these require dehydration of rhodopsin films and subsequent rehydration to drive water into the helical bundle. Proton transfer through amino acid side chains and water is likely to explain deuteration of the Schiff base linkage. Rath et al. (54) have shown that films of unactivated rhodopsin undergo very slow deuterium exchange when rehydrated in the presence of D 2 O and that the exchange at amide II bonds increased after photoactivation, consistent with increased disorder in the polypeptide chain after activation.
Changes in the amount of water present in the helical bundle have been measured by several different methods. Monitoring the effects of active osmolytes and ethanol on the Meta I/Meta II equilibrium demonstrated that hydrogen-bonded water is released from rhodopsin upon transition from Meta I to Meta II (55, 56) . FTIR studies have revealed changes in the interaction of internal water molecules in rhodopsin during photoactivation that involved loss of bound water after formation of bathorhodopsin (57) . Mutagenesis studies indicating required freedom of motion for residues in the NPXXY motif for G protein activation are consistent with the release of water that ablates structural constraints holding the receptor in the ''off'' state. Considering the demonstrated requirement for waters in forming Meta II and the effects of osmolytes, these results suggest that a change in active water occurs that is required for Meta II formation.
Solid-state NMR spectroscopy has indicated that interactions between G121 3.36 and W265 6.48 are lost after rhodopsin activation. Additionally, inspection of the crystal structures of opsin lacking water 9 that interacts with residues adjacent to W265 6.48 revealed that the loss of this water coincides with the structural reorganization that occurs near W265 6.48 in the opsin (Figs. S2 and S3 ). Other small changes in the interaction between M86
2.53 and G120 3.35 also occur after photoactivaton (51) .
In recent studies employing the radiolytic footprinting method developed by Chance et al. (58), we have demonstrated that waters bound within the transmembrane domain of rhodopsin can be activated and used to monitor the dynamics of certain regions within the transmembrane regions of this receptor, including studies of photoactivated states. We also have monitored the communication between bulk water and structural waters in ground, photoactivated, and opsin states. Hydroxyl radical labeling of rhodopsin in native disk membranes or affinity-purified receptor in the presence of rapidly mixed 50% O 18 labeled water resulted in minimal exchange of water from the bulk solvent to the core for any of these three states. These results strongly suggest that the helical bundle of rhodopsin does not communicate with bulk solvent at the cytoplasmic face of the receptor on the time scale of activation. Local changes in structural constraints, including reorganization of structural waters, appear to mediate the conformational changes that occur in rhodopsin after photoactivation and mediate allosteric communication. These data are consistent with changes in sidechain interactions detected by solid-state NMR spectroscopy (51) because the rate and extent of M86 2.53 hydroxylation were increased in Meta II relative to unactivated rhodopsin. Water may leave the core of the protein before Meta II formation, and some bound waters may be required for Meta II formation, but bulk water uptake is not required for receptor activation. Major changes in hydration and hydrogen bonding after photoactivation are likely to be limited to movement of waters already bound within the receptor in its ground state, including the conserved waters identified here. Constitutively activating mutations of the opioid receptor are located in groups similar in distribution to the water clusters described here (59) and the regions of rhodopsin that are labeled by hydroxyl radicals. Constraints holding rhodopsin, and by extension all family A GPCRs, in ground-state conformations are likely to be mediated by waters bridging contacts between highly conserved motifs (28) , and changes in water contacts may facilitate communication from the ligand-binding pocket to the cytoplasmic face where G protein binding and activation occur.
Conclusions
Inspection of available high-resolution crystal structures provides insights into common structural features that may be linked to conserved functions shared by all GPCRs. Colocalization of waters found in several different GPCR crystal structures and the putative interaction of such waters with highly conserved and functionally important residues support the notion that these waters are functionally important and are as likely as their conserved residue partners to be essential to the mechanism of activation. Ordered waters interact with residues that are important in disease, receptor activation, and signaling. In the absence of ligand, as in the case of bovine opsin, fewer ordered waters are bound to the receptor. This likely reflects an important role for release of tightly bound waters upon receptor activation, even though the extent of water reorganization relative to crystallographically identified ordered waters is unknown. Improved understanding of the role of these water molecules should shed light on conserved features involved in receptor stabilization, ligand binding, and activation. The presence of ordered, bound waters in many of the available structures suggests that these waters mediate the structural plasticity linked to the ligand-induced shift in conformational equilibrium. Conserved ordered waters likely impose structural constraints favoring inactive states of these receptors. Reorganization of bound water may well be necessary for receptor activation, as shown for bovine rhodopsin and likely reflected by the structure of opsin. Local conformational changes have been reported in rhodopsin after photoactivation, and the regions where such changes occur are close to those regions where ordered waters are observed in the structure of ground-state rhodopsin. Water likely participates and may mediate the structural transition from inactive to active conformations of family A GPCRs, if not all receptors in this superfamily.
Methods
Multiple sequence alignments of the GPCRs analyzed were made employing ClustalW (60) . Analysis of water contacts in structures was done by using the CONTACT module of the CCP4 program suite (29) . The following crystal structures were examined; 1u19, 1f88, 1gzm, 1hzx, 1l9h, 3cap, 3dqb, 2rh1, 2vt4, 2z73, 3eml, and interactions between water and protein residues were assigned if nitrogen and/or oxygen atoms of the protein were 3.8 Å or less from the oxygen of water. All crystallographic models in figures were rendered employing PyMOL.
